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ABSTRACT
We present results based on follow-up observations of the Type II-plateau supernova (SN)
2013ej at 6 epochs spanning a total duration of ∼37 d. The Rc-band linear polarimetric ob-
servations were carried out between the end of the plateau and the beginning of the nebular
phases as noticed in the photometric light curve. The contribution due to interstellar polariza-
tion (ISP) was constrained by using couple of approaches, i.e. based upon the observations
of foreground stars lying within 5′ and 10◦ radius of the SN location and also investigating
the extinction due to the Milky Way and host galaxy towards the SN direction. Our analysis
revealed that in general the intrinsic polarization of the SN is higher than the polarization
values for the foreground stars and exhibits an increasing trend during our observations. After
correcting the ISP of ∼0.6 per cent, the maximum intrinsic polarization of SN 2013ej is found
to be 2.14 ± 0.57 per cent. Such a strong polarization has rarely been seen in Type II-P SNe.
If this is the case, i.e., the ‘polarization bias’ effect is still negligible, the polarization could
be attributed to the asymmetry of the inner ejecta of the SN because the ISP towards the SN
location is estimated to be, at most, 0.6 per cent.
Key words: Supernovae: general – supernovae, polarimetry: individual – SN 2013ej, galax-
ies: individual – NGC 628
1 INTRODUCTION
Core-collapse Type II-Plateau supernovae (II-P) are the spe-
cific events which show hydrogen lines in their optical spec-
tra along with a plateau like structure in the optical light curve
(see Filippenko, 1997, for a review on different Types of SNe).
These events mark the end stages of the lives of massive stars
(M > 8 –10 M⊙; Heger et al., 2003; Anderson & James, 2009). Af-
ter explosion, the hydrogen recombination wave recedes through
the outer envelope and all the energy deposited by the shock
is slowly released (e.g. Popov, 1993; Kasen & Woosley, 2009).
It shows nearly constant luminosity i.e. plateau phase in the
light curve. The plateau phase ends after approximately 100
days as the thick hydrogen envelope becomes optically thin and
consequently a sudden drop in luminosity imprints the phase
of transition. The radioactive decay of 56Co into 56Fe powers
the post-plateau phase of the light curve, which in turn de-
pend upon the amount of 56Ni synthesized during the explo-
⋆ E-mail: brajesh.kumar@iiap.res.in
sion (for different evolutionary phases of the light curve, see
Grassberg, Imshennik & Nadyozhin, 1971; Falk & Arnett, 1977;
Barbon, Ciatti & Rosino, 1979; Utrobin, 2007).
The geometry of these energetic events has been studied
in detail using spectropolarimetric, imaging polarimetric tech-
niques (e.g. Barrett, 1988; Jeffery, 1991a; Leonard et al., 2001,
2006; Leonard & Filippenko, 2001; Chugai, 2006; Chornock et al.,
2010; Leonard et al., 2012; Wang & Wheeler, 2008; Kumar et al.,
2014), and computer simulations (Hoflich, 1991; Kasen et al.,
2006; Dessart & Hillier, 2011a). The first quantitative polarization
study of SNe atmosphere was conducted by Shapiro & Sutherland
(1982, see also Serkowski (1970)). The observed degree of polar-
ization in these SNe may vary during various evolution phases,
indicating the change in SN geometry and/or ejecta (e.g. den-
sity and ionization) but the intrinsic polarization has been found
only up to ∼1.5 per cent (Wheeler, 2000; Leonard et al., 2001;
Leonard & Filippenko, 2001; Chornock et al., 2010). It is interest-
ing to note that although in volume-limited studies of nearby CC-
SNe, a large fraction (around 50 per cent) belongs to II-P SNe (see
Eldridge et al., 2013; Smith et al., 2011), their polarization stud-
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ies comparatively remain quite small. Multi-epoch spectropolari-
metric studies of Type II-P SN 1999em and SN 2004dj are avail-
able in the literature. Leonard et al. (2001) found that polariza-
tion in SN 1999em jumped from ∼0.2 per cent (day 7) to ∼0.5
(day 160) but without significant change in polarization angle. In
a similar study of the nearby (distance ∼3.13Mpc) SN 2004dj,
Leonard et al. (2006) observed no detectable intrinsic polarization
during the plateau phase, but there was a sudden jump up to ∼0.6
per cent at the end of plateau phase as the photosphere enters the
core ejecta. However, it is interesting to mention that in contrary
to SN 1999em, SN 2004dj displayed rotation in polarization an-
gle, a possible signature of the clumpy nature of Ni distribution
(Leonard et al., 2006). From the above studies, it could be inferred
that despite the similarity in the photometric and spectral features,
II-P SNe show diverse nature in their polarization properties.
Polarimetric follow-up observations of various II-P SNe
can provide very useful information about these events such
as the geometry of the ejecta, circum-stellar material (CSM),
the shape of the progenitor and the explosion mechanism,
etc. An additional advantage of the polarimetric study of II-
P SNe is in the use of these objects as extra-galactic dis-
tance indicators through the expanding photosphere method
(EPM; Kirshner & Kwan, 1974; Eastman, Schmidt & Kirshner,
1996; Dessart & Hillier, 2005; Jones, Hamuy, Lira et al., 2009;
Bose & Kumar, 2014). The basic assumption of the EPM technique
is a spherically symmetric flux distribution during the early stage
i.e. the plateau phase. However, as shown by Leonard et al. (2001),
10 per cent asphericity may produce an EPM distance that over-
estimates the actual distance by ∼5 per cent for an edge-on view
and underestimates it by ∼10 per cent for a face-on line of sight.
Considering the opportunity of a bright (apparent V magnitude at
maximum light ∼12.5 mag; Richmond, 2014) nearby SN 2013ej in
NGC 628, here we present the Cousins Rc-band imaging polarimet-
ric study of this object.
1.1 NGC 628 and its observed CCSNe
NGC 628 (also known as Messier 74; M 74) is an interesting nearby
galaxy situated in the Pisces constellation. It is a face-on spiral
galaxy (prototype SAc) with prominent spiral arms and dust lanes.
In the sky, NGC 628 is located far away from the Galactic disk and
therefore, is a natural target for the multi-wavelength observations
(cf. Soria & Kong, 2002; Krauss et al., 2005; Auld et al., 2006;
Cornett et al., 1994; Kilgard et al., 2005, and references therein).
The study of star formation scenario and supernova remnants in this
galaxy are also available in literature (e.g. Elmegreen et al., 2006;
Lelie`vre & Roy, 2000; Sonbas¸ et al., 2010).
Within a distance of 10 Mpc (for latest distance estima-
tion, see Jang & Lee, 2014; Huang et al., 2015, and references
therein), NGC 628 is one of the nearby galaxies which interestingly
hosted three CCSNe (i.e. SN 2002ap, SN 2003gd and SN 2013ej).
SN 2002ap was discovered on 2002 January 29 (Nakano et al.,
2002) and soon classified as a Type Ic event. Due to the spe-
cific broad spectral features, it was further recognized as a hyper-
nova1 (Kinugasa et al., 2002b; Meikle et al., 2002; Gal-Yam et al.,
1 These are highly energetic explosions having kinetic energy of the or-
der of 1052 ergs (Iwamoto et al., 1998). Few examples are SN 1997ef
(Iwamoto et al., 2000), SN 1998bw (Iwamoto et al., 1998; Maeda et al.,
2006), SN 2003dh (Mazzali et al., 2003), SN 2003lw (Mazzali et al., 2006).
2002b; Filippenko & Chornock, 2002). Along with detail opti-
cal spectroscopic and photometric study (c.f. Mazzali et al., 2002;
Gal-Yam et al., 2002a; Kinugasa et al., 2002a; Foley et al., 2003;
Pandey et al., 2003a,b; Vinko´ et al., 2004), this event was also
monitored in different wavelengths e.g. radio (Berger et al., 2002;
Soderberg et al., 2006), X-rays (Sutaria et al., 2003; Soria et al.,
2004) and UV (Soria & Kong, 2002). Within less than one and
half year after the discovery of SN 2002ap, another supernova
SN 2003gd was discovered by R. Evans and N.S.W. Hazelbrook in
a southern spiral arm of NGC 628 Evans & McNaught (2003). The
photometric and spectroscopic study of this event was performed
by Hendry et al. (2005) despite of its late discovery (close to the
end of plateau phase). It is notable that apart from NGC 628, there
are a few other galaxies such as NGC 6946, Arp 299, NGC 4303,
NGC 5236 where 6 or more SNe have been discovered (e.g.
Anderson & Soto, 2013; Anderson et al., 2011).
SN 2013ej
SN 2013ej is the third known SN in NGC 628 which was discov-
ered by Lick Observatory Supernova Search (LOSS, Li et al., 2000)
on 2013 July 25.45 ut using the 0.76m robotic Katzman Automatic
Imaging Telescope (KAIT). The SN was located 92.5 arcsec east
and 135 arcsec south of the core of the host galaxy with coordinates
α = 01h36m48.s16, δ = +15◦45′31.′′0 (Kim et al., 2013). The spec-
tra taken on July 27.7 ut by Valenti et al. (2013) using FLOYDS
spectrograph led to the classification of the transient as a young
Type II SN. The explosion date of the SN has been estimated with
a precision of one day. In our study we consider the shock breakout
date JD 2456497.45 (Valenti et al., 2014) as the time of explosion.
Based on archival pre-explosion images from Hubble Space
Telescope and Gemini telescope, Fraser et al. (2014) have stud-
ied the progenitor’s properties. They provided a mass range of
8–16 M⊙ by assuming that the progenitor star was a red super-
giant. Furthermore, this event was monitored by several groups.
Valenti et al. (2014) and Richmond (2014), respectively presented
the initial two weeks photometry (UBVRI/griz, swi f t − uvot) and
about 6 months photometry (BVRI). Similarly Bose et al. (2015)
and Huang et al. (2015) have analysed the UBVRI, swi f t − uvot
and near-infrared photometry along with optical spectroscopy. In
addition, Leonard et al. (2013) reported earliest spectropolarimetry
observations (taken on August 1.35 ut) obtained with the ESO Very
Large Telescope (VLT). Their analysis revealed SN 2013ej to be an
usual event showing strong polarization at a very early phase (∼1.3
per cent at 430 nm to ∼1.0 per cent at 920 nm).
In this paper, we investigate the polarimetric properties of
SN 2013ej using the Rc-band imaging polarimetry. In Section 2,
we present the observations and data analysis. Estimation of intrin-
sic polarization is described in Section 3 and finally, we discuss the
results and summarize our conclusions in Section 4.
2 OBSERVATIONS AND DATA ANALYSIS
We collected broad band polarimetric data of SN 2013ej at
six epochs: 2013 October 30; November 01, 04, 10 and De-
cember 04, 05 as listed in Table 1. These observations were
conducted using the ARIES Imaging Polarimeter (AIMPOL,
Rautela, Joshi & Pandey, 2004) mounted at the Cassegrain focus of
the 104-cm Sampurnanand telescope (ST) at Manora Peak, Naini-
tal. This polarimeter consists of a half-wave plate (HWP) modula-
c© RAS, MNRAS 000, 1–9
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Table 1. Log of polarimetric observations and estimated polarization parameters of SN 2013ej. The Rc-band magnitudes listed in the last column are estimated
from AIMPOL observations.
ut Date JD Phasea Observed Intrinsic (ISP subtracted) Magnitude
(2013) 2456000 (Days) PR ± σPR θR ± σθR Pint ± σPint θint ± σθint R ± σR
(per cent) (◦) (per cent) (◦) (mag)
Oct 30 596.09 99.54 0.85 ± 0.32 109.10 ± 10.68 0.21 ± 0.32 112.05 ± 42.77 14.00 ± 0.02
Nov 01 598.10 101.55 0.65 ± 1.07 104.58 ± 46.90 0.08 ± 1.07 66.53 ± – 14.41 ± 0.02
Nov 04 601.06 104.51 1.65 ± 0.29 116.73 ± 4.97 1.05 ± 0.29 121.89 ± 7.77 14.93 ± 0.03
Nov 10 607.24 110.69 1.95 ± 0.61 89.17 ± 9.12 1.49 ± 0.61 81.56 ± 11.85 15.25 ± 0.03
Dec 04 631.13 134.58 2.75 ± 0.57 115.65 ± 5.85 2.14 ± 0.57 117.86 ± 7.58 15.68 ± 0.04
Dec 05 632.11 135.56 1.45 – 75.70 – 1.31 – 62.62 – 15.61 –
a With reference to the date of explosion JD 2456497.45. The estimates for the last epoch of observation indicate the limiting values.
Table 2. Log of polarimetric observations of field stars within 5 arcmin radius of SN 2013ej location. The letters A, B, C and D indicates the star IDs as shown
in the Fig. 1 and IDs inside the parenthesis belongs to 2MASS.
ut Date JD Phasea A† (01365863+1547463) B† (01365760+1546218) C† (01365154+1548473) D† (01364487+1549344)
(2013) 2456000 (Days) PR ± σPR θR ± σθR PR ± σPR θR ± σθR PR ± σPR θR ± σθR PR ± σPR θR ± σθR
(per cent) (◦) (per cent) (◦) (per cent) (◦) (per cent) (◦)
Oct 30 596.09 99.54 0.69 ± 0.05 112.18 ± 2.18 0.87 ± 0.08 106.55 ± 2.64 0.44 ± 0.08 99.21 ± 5.07 0.24 ± 0.16 109.31 ± 18.83
Nov 01 598.10 101.55 0.82 ± 0.12 113.39 ± 4.33 0.75 ± 0.10 108.08 ± 3.63 0.65 ± 0.01 108.09 ± 0.03 0.39 ± 0.52 63.02 ± 37.84
Nov 04 601.06 104.51 0.63 ± 0.16 112.08 ± 7.08 0.56 ± 0.10 107.63 ± 5.15 0.74 ± 0.07 111.88 ± 2.84 0.64 ± 0.09 99.76 ± 3.95
Nov 10 607.24 110.69 0.66 ± 0.01 113.19 ± 0.59 0.50 ± 0.01 107.14 ± 0.33 0.58 ± 0.08 109.34 ± 3.77 0.34 ± 0.12 124.38 ± 9.84
Dec 04 631.13 134.58 0.67 ± 0.02 108.86 ± 0.72 0.54 ± 0.02 107.57 ± 1.12 0.56 ± 0.09 110.73 ± 4.63 0.14 ± 0.34 129.81 ± 70.83
Dec 05 632.11 135.56 0.47 ± 0.01 108.12 ± 0.28 0.63 ± 0.08 102.45 ± 3.76 0.60 ± 0.04 111.58 ± 2.10 0.70 ± 0.30 104.36 ± 12.33
Weighted mean of 0.51 ± 0.01 108.84 ± 0.25 0.51 ± 0.01 107.14 ± 0.32 0.65b 108.09 ± 0.04 0.45 ± 0.06 105.36 ± 3.94
polarization parameters
† 12.16 ± 0.02, 12.58 ± 0.02, 13.51 ± 0.02 and 13.64 ± 0.02 mag are the Rc-band magnitudes of the foreground stars A, B, C and D as estimated from the AIMPOL observations.
a With reference to the date of explosion JD 2456497.45.
b Weighted mean error is less than 0.002 per cent.
Figure 1. SN 2013ej in the host galaxy NGC 628 (M 74). The Rc-band
image taken from 104 cm ST on 2013 November 04 is shown. The field
of view is roughly 7 arcmin × 6 arcmin. Each object has two images i.e.
ordinary and extra-ordinary. Five white elliptical curves labelled with SN
and letters A to D indicate the ordinary and extra-ordinary images of the
SN 2013ej and four foreground stars in the field, respectively. The spiral
patterns and bright knots of the galaxy are clearly visible. North and East
directions are also indicated.
tor and a Wollaston prism beam-splitter. The Wollaston prism ana-
lyzer is placed at the backend of the telescope beam path in order
to produce ordinary and extraordinary beams in slightly different
directions separated by 28 pixels along the northsouth direction on
the sky plane. A focal reducer (85 mm, f/1.8) is placed between
the Wollaston prism and the CCD camera. This camera consists of
Tektronix 1024 pixels × 1024 pixels and its cooling is performed
by liquid nitrogen. Each pixel of the CCD corresponds to 1.73 arc-
sec and the field-of-view (FOV) is ∼8 arcmin in diameter on the
sky. The full width at half-maximum (FWHM) of the stellar im-
ages vary from 2 to 3 pixels. The readout noise and the gain of the
CCD are 7.0 e− and 11.98 e−/ADU, respectively.
Our observations were carried out in standard Rc (λRe f f =
0.67µm) photometric band using only the central 325 pixels × 325
pixels of the CCD. Fig. 1 shows approximately 7′ × 6′ Rc-band im-
age acquired with the AIMPOL containing SN 2013ej in the host
galaxy NGC 628. Four field stars marked with ‘A’, ‘B’, ‘C’ and
‘D’ were later used to constrain the interstellar polarization (see
Section 3.1). Multiple frames were secured at each position angle
of the HWP (i.e. 0◦, 22.5◦, 45◦ and 67.5◦). The typical individual
exposure time was between 10-20 minutes at a particular position
angle. To obtain good signal-to-noise ratio, all images at a given
position angle were aligned and subsequently combined.
The dual-beam polarizing prism allows us to measure the po-
larization by simultaneously imaging both orthogonal polarization
states onto the detector. Both the half-wave plate fast axis and the
axis of the Wollaston prism are kept normal to the optical axis
of the system. For such polarimeters, various Stokes parameters
can be derived using standard procedures given elsewhere (e.g.
Patat & Romaniello, 2006). In the present analysis, fluxes of or-
dinary and extra-ordinary beams of the SN and field stars were ex-
tracted by standard aperture photometry after preprocessing using
c© RAS, MNRAS 000, 1–9
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Table 3. Observational detail of 9 isolated foreground stars within 10◦ radius around SN 2013ej selected to estimate the interstellar polarization. Among them,
5 stars have known distances from van Leeuwen (2007) catalogue.
Star RA (J2000) Dec (J2000) PR ± σPR θR ± σθR Distance
ID (h:m:s) (d:m:s) per cent (◦) (in pc )
HD 11636 01:54:38.35 +20:48:29.5 0.06 ± 0.05 79.54 ± 23.20 17.99 ± 0.19
HD 9270 01:31:29.00 +15:20:44.9 0.08 ± 0.01 50.59 ± 1.71 107.18 ± 8.27
HD 13248 02:09:46.57 +13:10:32.9 0.14 ± 0.06 128.56 ± 12.32 137.93 ± 11.23
HD 6815 01:08:55.85 +09:43:49.8 0.45 ± 0.03 108.97 ± 1.77 167.79 ± 14.64
HD 10894 01:47:09.10 +10:50:39.1 0.19 ± 0.04 117.03 ± 6.31 280.11 ± 33.74
HD 9560 01:33:55.16 +08:39:47.5 0.42 ± 0.02 137.69 ± 1.07 437†
HD 8919 01:28:06.01 +06:01:11.3 0.29 ± 0.06 117.93 ± 5.84 525†
HD 12504 02:02:51.42 +11:22:19.9 0.18 ± 0.01 152.77 ± 0.96 –
HD 9946 01:37:18.66 +10:25:40.4 0.11 ± 0.01 105.28 ± 3.88 –
† These distances are adopted from Kawabata et al. (2002).
Table 4. Results of observed polarized standard stars.
Date of observation PR ± σPR θR ± σθR
(ut 2013) (per cent) (◦)
HD 19820 (Std. values) 4.53 ± 0.03 114.46 ± 0.16
Oct 30 4.6 ± 0.1 114 ± 1
HD 59389 (Std. values) 6.43 ± 0.02 98.14 ± 0.10
Nov 01 6.3 ± 0.1 98 ± 1
HD 25443 (Std. values) 4.73 ± 0.32 133.65 ± 0.28
Nov 04 4.8 ± 0.1 133 ± 2
Nov 10 4.6 ± 0.2 133 ± 2
Dec 04 4.9 ± 0.2 134 ± 1
Dec 05 4.9 ± 0.1 134 ± 2
HD 43384 (Std. values) 2.86 ± 0.03 170.7 ± 0.7
Nov 10 2.8 ± 0.1 170 ± 1
HD 23663 (Std. values) 5.38 ± 0.03 93.04 ± 0.15
Dec 04 5.4 ± 0.1 93 ± 1
Dec 05 5.3 ± 0.1 94 ± 2
All standard values listed here are from Schmidt, Elston & Lupie (1992)
except HD 43384 which is taken from Hsu & Breger (1982).
the IRAF2 package. The flux values were measured using aperture
photometry at multiple apertures ranging from 2 to 8 pixels. These
fluxes were used to derive Stokes parameters at each aperture (c.f.
equation 1, Kumar et al., 2014). Further, at each aperture, P and θ
values were derived by fitting the Stokes parameters with the rela-
tion R(α) = P cos(2θ − 4α). Where, P and θ are degree of polariza-
tion and polarization angle, α is the position angle (0◦, 22.5◦, 45◦
and 67.5◦) of HWP. Final P and θ values were chosen at the aper-
ture that best fit with minimum chi-square. Generally, best fit has
always been witnessed between 4 to 6 pixels corresponding to 2
to 3 FWHM. Table 1 provides the estimated polarization measure-
ments. The observed degree of polarization and polarization angle
are denoted as PR (per cent) and θR (◦), respectively.
To correct our measurements for the zero-point polar-
ization angle, we performed observations of several polarized
2 IRAF is the Image Reduction and Analysis Facility distributed by the
National Optical Astronomy Observatories, which are operated by the As-
sociation of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation.
standards stars taken from Schmidt, Elston & Lupie (1992) and
Hsu & Breger (1982). The results are given in Table 4 which indi-
cate a good agreement (within the observational errors) with stan-
dard values. The difference between the observed and standard val-
ues were applied to the SN for the respective dates. It is worth
mentioning that the instrumental polarization of focal reducers is
known to grow from the optical axis to the edges of the field-of-
view (Patat & Romaniello, 2006). Nevertheless, the SN was ob-
served slightly off-axis which yielded simultaneous imaging of few
field stars along with the SN (see also Section 3.1.1). The instru-
mental polarization of AIMPOL on the 104 cm ST has been char-
acterized and monitored since 2004 for different projects and gener-
ally found to be ∼0.1 per cent in Rc-band (e.g., Rautela et al., 2004;
Pandey et al., 2009; Eswaraiah et al., 2011, 2013; Kumar et al.,
2014; Soam et al., 2015, and references therein). To verify this re-
sult, we further observed unpolarized standards stars G 191 B2B
and HD 21447 from Schmidt, Elston & Lupie (1992) on different
nights and their degree of polarization was estimated to be 0.13 ±
0.03 and 0.14 ± 0.05 per cent, respectively. However, in our anal-
ysis we have applied an average correction of 0.1 per cent to the
observed polarization values of the SN.
It is worthwhile to note that present set of images were ob-
tained in absence of a window mask on the focal plane. In such
a set-up, the polarization study of well isolated bright stars nor-
mally do not impose any problem. But it may be an issue for the
objects which are lying over diffuse backgrounds (e.g. SNe) be-
cause the background polarization is not removed properly. A vari-
able amount of polarization may also be introduced due to dif-
ferent phases of moon and/or seeing effects. In our analysis we
made an attempt to quantify the possible effect of contamination
by the nebulous background on the final polarization measurements
of SN 2013ej. A detailed description of the method is given in
Appendix A. Our exercise suggests that although there is a non-
negligible nebulous background present around SN 2013ej, it does
not significantly influence the final polarization measurements.
3 OBSERVATIONAL RESULTS
3.1 Constraining interstellar polarization
The interstellar polarization (ISP) is produced by differential ex-
tinction resulting from aspherical and spinning dust grains along
the line of sight that are aligned in space by the Galactic mag-
netic field (see Whittet, 2003). The ISP (either due to the Milky
Way and/or host galaxy) may largely influence the observed SN
c© RAS, MNRAS 000, 1–9
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polarization properties. For example, Leonard & Filippenko (2001)
found an extraordinarily high degree of polarization (5.8 per cent)
for SN 1999gi in the galaxy NGC 3184 but later, in a separate study,
Leonard et al. (2002b) estimated that the previously derived value
was heavily affected by ISP, and the intrinsic polarization of the
SN was only in the range of 0.3 to 2.0 per cent. Therefore, to un-
derstand the intrinsic behavior of the SN polarization parameters, it
requires careful accounting for the intervening interstellar medium.
Due to unavailability of any standard method for the estimation
of ISP, every possible measure should be considered to avoid any
observational biases. Fortunately, ISP has been well studied in the
Galaxy (e.g. Serkowski, Mathewson & Ford, 1975). Furthermore,
while SN polarization properties may show temporal variation, the
ISP should be constant. Therefore, by constraining the ISP we can
subtract it from the observed SN polarization parameters to obtain
intrinsic polarization measurements of SN.
As mentioned in Section 1.1, along with SN 2013ej, NGC 628
had also hosted two additional CCSNe (c.f. SN 2002ap and
SN 2003gd). Contrary to SN 2003gd, early discovery and bright-
ness of SN 2002ap (peak apparent V mag ∼12.4, Pandey et al.,
2003a) provided better opportunity to study the spectropolarimet-
ric properties in great details by several groups. These authors
have also discussed about the ISP contributions. Leonard et al.
(2002a) examined ISP for SN 2002ap using the q−u plane method,
Serkowski law ISP curve fitting method and by measuring the po-
larization of five distant stars within 1◦ of the line of sight of SN.
There was general agreement in all estimated values and they adopt
pisp = 0.51 per cent at θisp = 125◦. Similarly Kawabata et al. (2002)
and Wang et al. (2003) have estimated ISP as pisp = 0.64 per cent,
θisp = 120◦; pisp = 0.61 per cent, θisp = 122◦, respectively.
The ISP characterization in the above cited studies provide us
an insight about the dust properties in the direction of NGC 628 and
enable us to evaluate intrinsic polarization properties of SN 2013ej.
In the following sections, we present various approaches which
we applied to obtain the intrinsic polarization measurements of
SN 2013ej.
3.1.1 Fore-ground stars lying within 5′ radius of SN position
There are several isolated and medium brightness field stars situ-
ated within 5 arcmin radius of the SN location. Since AIMPOL
provides the 8 arcmin diameter wider field-of-view, we are fortu-
nate enough to observe several field stars along with SN. Therefore,
during the period of our observations, we pointed the telescope in
such a way that all those stars were also observed along with SN.
To characterize the polarization properties of these nearby stars,
initially we selected six stars with good S/N ratio. Out of them,
the trend of two stars were consistent with zero polarization within
3-sigma but the polarization of SN after plateau phase was signifi-
cantly large. Therefore, we excluded two stars and only the remain-
ing four field stars were considered for the further analysis. These
are labelled with letters ‘A’ to ‘D’ as shown in Fig. 1 and their
estimated polarization parameters are listed in Table 2 (Two Mi-
cron All-Sky Survey (2MASS, Skrutskie et al., 2006) IDs are also
mentioned in the parenthesis). To cross-examine the effect of grow-
ing noise on polarimetric results of SN (especially towards the late
epochs), it could have been interesting to derive the magnitudes of
the fainter objects in the SN field. However, some of them are situ-
ated in the nebulous regions so we avoided those stars. Nonetheless,
Rc-band magnitudes of ‘A’-‘D’ stars are mentioned in the footnote
of Table 2.
3.1.2 Fore-ground stars lying within 10◦ radius of SN position
We examined the polarization measurements of several foreground
Milky Way stars available in the ISP catalogue by Heiles (2000).
Within 10◦ radius around the SN 2013ej, we selected only 9 stars
which are isolated and do not show either emission features or
variability flag in the SIMBAD data base. Out of them, 5 stars
have distance information from Hipparcos parallax (van Leeuwen,
2007). Distances of HD 8919 and HD 9560 have been adopted
from (Kawabata et al., 2002). Considering the fact that Heiles cat-
alogue represents the polarization in a band different than ours, we
have performed Rc-band polarimetric observations of these stars
and their estimated P and PA values are listed in Table 3. Among
this list, HD 11636 is only at a distance of ∼18 pc thus likely to
skew the results because it is nearby and does not probe all ma-
terial in the Galactic plane. We have excluded this star from our
further analysis. The weighted mean values of remaining 8 stars
are as follows:
<Pheiles> = 0.025 ± 0.003, <PAheiles> = 125.08 ± 3.22 (for
Heiles catalogue) and <Paimpol> = 0.044 ± 0.004, <PAaimpol> =
55.82 ± 2.26 (for AIMPOL Rc-band), respectively. The polarization
level (weighted mean) of these eight stars (<Paimpol>) as observed
with AIMPOL (in Rc-band) is indicated by a grey continuous line
in Fig. 2.
3.1.3 Extinction due to the Milky Way and the host galaxy
Based on the observations of various nearby Galactic stars,
Serkowski, Mathewson & Ford (1975, see also Whittet (2003))
have provided an empirical relation between reddening and max-
imum ISP which is given as PISPmax = 9× E(B − V), where
E(B − V) indicates the reddening value. Although this relation
is not universal and has shown some violations (for example,
Leonard & Filippenko, 2001; Leonard et al., 2002c; Patat et al.,
2011, and references therein) but it is still valid for general investi-
gation purpose.
The E(B − V) resulting from Milky Way interstellar matter
in the line of sight of SN 2013ej was found to be 0.062 mag
(Schlafly & Finkbeiner, 2011) which is corresponding to an extinc-
tion of 0.19 mag in V-band for total-to-selective extinction param-
eter RV = 3.1 (Cardelli et al., 1989). Bose et al. (2015) have used
high resolution echelle spectra (obtained on 79.5 d) and analysed
the equivalent width of Na I D doublets to estimate the reddening in
the line of sight of SN 2013ej. They clearly resolved these lines of
the Milky Way, but Na I D impression for the NGC 628 was miss-
ing (see their fig. 2). This implies that the host galaxy contribution
is negligible and only Galactic reddening is dominantly playing a
role for the SN line of sight extinction. Valenti et al. (2014) have
also concluded similar results (see their fig. 3). Now we consider
total reddening in the direction of SN E(B − V) = 0.062 mag and
thus, the maximum ISP relation gives the maximum degree of ISP
towards the SN 2013ej as 0.558 per cent.
3.2 Estimation of SN intrinsic polarization
From the previous discussions, it is clear that MW dust is signifi-
cantly contributing to the observed SN polarization measurements,
and hence it must be subtracted. The foreground stars lying in 10◦
radius around the SN gives us a general indication of the polar-
ization in this region of sky and consequently along the SN line of
sight. But, it is noteworthy to mention that polarization estimates of
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Figure 2. Temporal evolution of polarization parameters of SN 2013ej. Left panel: Evolution of PR values of SN and foreground stars (lying within 5
arcmin radius of SN). The observed (open square) and intrinsic (filled square and connected with dashed line) PR values of SN (in panel-a) and observed PR
values of foreground stars (in panel-b) are shown with different symbols. The dotted line (brown colour) and solid line (grey colour) respectively, indicate the
weighted mean of PR values of four foreground stars as shown in Fig. 1 and weighted mean of eight foreground stars observed with AIMPOL in Rc-band
(see Section 3.1.2 for details). The encircled plus (black colour) and cross (blue colour) symbols (in panel-a) represent the observed and intrinsic limiting
polarization values, respectively. Right panel: Evolution of intrinsic PA of the SN and foreground stars. The cross symbol (blue colour) represents the intrinsic
limiting PA of the SN and other symbols in both panels have similar meaning.
such sample of stars may not provide exact magnitude and direction
of the ISP specially when these stars are beyond ∼1◦ from the SN
location (c.f. Tran, 1995; Leonard & Filippenko, 2001). Therefore,
for the IPS contribution we focus only on those four stars which are
within 5′ radius of the SN. Ideally, we should know the distance (or
reddening) and the spectral features (which may infer that they are
intrinsically unpolarized or not) of these field stars. However, prac-
tically it is not an easy task. A careful investigation of Fig. 2 (see
also Table 2) indicates that in the course of follow-up observations,
polarization parameters of these stars do not show significant vari-
ation. This homogeneity of the polarization values among ‘A’-‘D’
stars may suggest that they represent uniform MW ISP in the di-
rection of SN 2013ej. Subsequently, we derived the weighted mean
of polarization parameters of these four stars. For each star ‘A’,
‘B’, ‘C’ and ‘D’, first we derived their individual weighted mean
of polarization and polarization angles for each epoch as listed in
Table 2. Afterwards, the weighted mean of these values were esti-
mated which are found to be 0.637 ± 0.001 per cent and 108.11 ±
0.04 degree. Let us denote it as <P4s> and <PA4s>, respectively,
i.e. <P4s> = 0.637 ± 0.001 per cent and <PA4s> = 108.11 ± 0.04
degree, where suffix ‘4s’ stands for 4 stars lying in the same field-
of-view of SN (within 5′ radius).
As mentioned previously that for SN 2002ap, Kawabata et al.
(2002), Leonard et al. (2002a) and Wang et al. (2003) have de-
termined Pisp as 0.64, 0.51 and 0.61 per cent, respectively. Al-
though detailed polarimetric study of SN 2003gd (which was
also discovered in the same galaxy, see Section 1.1) is not avail-
able in the literature, Leonard & Filippenko (2005) have men-
tioned about 1 per cent ISP contribution towards the line of sight
of this object. The <P4s> value (0.637 per cent) is much larger
than <Paimpol> value (0.044 per cent), but it is comparable with
the values derived in the previously mentioned studies as well as
estimated from the maximum ISP and reddening relation given
by Serkowski, Mathewson & Ford (1975). Moreover, it seems that
there is no noticeable extinction at the position of SN due to host
galaxy (see Section 3.1.3). Above facts strongly suggest that total
ISP contribution in the SN direction is not more than 0.637 per cent
and the polarization parameters of 4 field stars around SN represent
real ISP in the direction of SN 2013ej.
By following the methods as described in Kumar et al. (2014,
see their Section 3.1), we have estimated and subtracted the ISP
components from the observed SN polarization measurements.
Firstly, observed PR and θR of SN as well as four field stars were
transformed into Stokes parameters, then weighted mean Stokes
parameters of field stars were determined as <Q4s> = – 0.515 ±
0.001 per cent and <U4s> = – 0.378 ± 0.001 per cent. To obtain the
intrinsic Stokes parameters of SN, the <Q4s> and <U4s> values
were vectorially subtracted from the observed Stokes parameters
of SN for each epoch. These values were further converted back
to Pint and θint (see relations 5, 6, 7 and 8 in Kumar et al., 2014,
for more details). The intrinsic SN 2013ej polarization values (de-
noted as Pint and θint) for each epoch are listed in column 6 and 7 in
Table 1.
In the left panel of Fig. 2, we have shown the temporal evo-
lution of observed and intrinsic polarization values of SN 2013ej
with open and filled square symbols, respectively. The polariza-
tion measurements of 4 foreground stars (within 5′ radius of SN)
are also over plotted with different symbols. Two horizontal lines
dotted (brown colour) and continuous (grey colour), respectively
illustrate the level of polarization estimated for foreground stars
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Figure 3. Q−U diagram for SN 2013ej. Labelled numbers (1–6) connected
with dashed line represent the temporal order. Blue coloured dots are the
ISP corrected polarization data and cross symbol (red colour) indicates the
limiting value at the final epoch of observation.
within 5′ and 10◦ radius around the SN location. In the right panel
of the figure, intrinsic polarization angles of SN and 4 field stars
are over plotted. The degree of polarization is known to be suf-
fered from ‘polarization bias’ effects for errornous data having
smaller P/σP (e.g. Serkowski, 1958; Wardle & Kronberg, 1974;
Patat & Romaniello, 2006). Adopting a traditional, statistic correc-
tion as Preal =
√
P2 − (σP)2, the P decreases by a factor of 0.25
for a data point having P/σP = 2. Thus, we caution the reader that
if we make corrections for de-bias, then our initial three estimated
values of the SN will tend towards the null polarization.
4 DISCUSSION AND CONCLUSION
The polarimetric follow-up observations (including spectropo-
larimetry and broad band) of the Type II-P SNe are very limited,
moreover the data sampling is sparse. In the literature, other than
SN 2013ej, there are only 5 such events which have at least three
epochs of polarization measurements and are extended up to the
nebular phase. These include SN 2008bk (Leonard et al., 2012),
SN 2006ov (Chornock et al., 2010), 2004dj (Leonard et al., 2006),
1999em (Leonard et al., 2001) and SN 1987A (Barrett, 1988). We
have compared their polarimetric properties in Fig. 4 along with
SN 2013ej. It is worthy to mention here that except SN 2013ej,
SN 1999em and SN 1987A, the explosion dates of other events are
not known so precisely.
In Fig. 4 we have shown the Rc-band photometric light curve
of SN 2013ej from Richmond (2014), Bose et al. (2015) and also
the magnitude estimated from AIMPOL polarimetric observations.
To calibrate the observed AIMPOL SN magnitudes, we selected
the secondary standard star from Richmond (2014, see his fig. 1
where particular star is denoted by ID #A and it is common in both
studies). Then for each night observation, the offset values in both
magnitudes were applied to the observed AIMPOL SN magnitudes.
The estimated SN 2013ej magnitudes at 6 epochs are listed in
Table 1 and plotted with open square symbols (black colour) in the
Fig. 4. As it can be seen, it is very nicely following the light curve
evolution pattern of the other two studies (i.e. Richmond, 2014;
Bose et al., 2015). Two vertical lines in Fig. 4 mark two important
phases, the end of plateau phase (∼ 92d, with red dashed line) and
beginning of nebular phase (∼105 with continuous grey line). The
intrinsic polarization values of SN (Pint) are over-plotted on it with
filled square symbols. It is obvious from Fig. 4 that our polarimet-
ric follow-up observations are very unique in the sense that these
data samples belongs to the crucial evolutionary phase, i.e. end of
plateau phase when the hydrogen envelope is almost recombined
and inner core is revealed. Furthermore, last three data points were
obtained just around the beginning of nebular phase.
Since the variation pattern of the Q−U parameters does not de-
pend to the ISP corrections therefore, it may provide a better probe
to examine the simultaneous behaviour of the SN polarization (see,
e.g. Wang & Wheeler, 2008, and references therein). In Fig. 3 we
have plotted the ISP subtracted polarization data of SN 2013ej on
the Q − U plane where each number is indicative of data point per
epoch. It is apparent from this figure that there are large error bars
in our estimates which do not allow us to establish firm conclusion
on the observed features of this event based on the imaging polari-
metric measurements.
The morphological information about expanding SN
ejecta can be directly probed by polarimetric studies
(Shapiro & Sutherland, 1982; Hoflich, 1991; Wang & Wheeler,
2008). Spectropolarimetry provides useful information about the
overall shape of the emitting region and dynamical evolution of
various chemical elements of the explosion. However, broad-band
imaging polarimetry allow us longer follow-up coverage of bright
events which may pass through important phases of their temporal
evolution. A net polarization in hot young CCSNe arises due to
incomplete cancelation of directional components of electrical
vectors which finally reveal about possible asphericity or clumpi-
ness in the ejecta. In a spherical source, the condition is entirely
different when these vectors exactly cancelled and yield zero net
polarization (see Leonard & Filippenko, 2005; Wang & Wheeler,
2008; Kasen et al., 2003). There are couple of other processes
which may cause polarization in CCSNe such as asymmetric
distribution of radioactive material within the SN envelope (e.g.
Hoeflich, 1995; Chugai, 2006), aspherical ionization produced by
hard X−rays from the interaction between the SN shock front and
a non-spherical progenitor wind (Wheeler & Filippenko, 1996)
and/or scattering by dust (e.g. Wang & Wheeler, 1996).
Chornock et al. (2010) have studied the nature of asphericity
in three II-P SNe (SN 2006my, SN 2006ov and SN 2007aa) and
hinted that along with several factors like progenitor mass, explo-
sion energy and 56Ni mass ejection may play a possible role to-
wards the expected net continuum polarization. Among those com-
pared objects, SN 2006ov ejected smallest amount of 56Ni and ex-
hibited larger degree of polarization. We revisited their findings
and for this purpose collected sample of explosion energy and
ejected 56Ni mass of Type II-P SNe from the literature. These pa-
rameters are listed in Table 5. Here, one should keep in mind that
56Ni mass estimation procedures were different in respective stud-
ies (i.e. hydrodynamical as well as analytical). From this sample
it is apparent that the amount of 56Ni mass in SN 2013ej is com-
parable with SN 2004dj and SN 1999em but considerably higher
than SN 2006ov (more than 6 times) and SN 2008bk (more than 2
times). We also estimated the plateau decay rate (PDR) of the exist-
ing sample in V-band light curves. PDR is expressed as the decay
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Figure 4. Photometric and polarimetric evolution of SN 2013ej. The calibrated Rc-band photometric light curve from Richmond (2014), Bose et al. (2015)
and estimated from the AIMPOL observations in present study, are shown with different symbols (inside light-cyan shaded background in upper side of the
legend). The intrinsic polarization values of different Type II-P SNe (indicated in the legend) along with SN 2013ej are over-plotted for comparison. Two
vertical lines, dotted (black colour) and bold (grey colour), respectively indicate the end of plateau and beginning of nebular phases (see Section 4 for details).
The encircled (brown colour) plus and cross symbols represents the limiting polarization and limiting photometric magnitude, respectively.
Table 5. This table summarizes the ejected nickel mass, plateau decay rate and explosion energy of 6 Type II-P SNe including the present study. References:
(1) Bose et al. (2015); (2) Huang et al. (2015); (3) Pignata (2013); (4) Anderson et al. (2014); (5) Smartt et al. (2009); (6) Spiro et al. (2014); (7) Zhang et al.
(2006); (8) Vinko´ et al. (2009); (9) Elmhamdi et al. (2003); (10) Phillips et al. (1990); (11) Arnett (1996) and (12) Utrobin & Chugai (2015).
SN Nickel mass Plateau decline ratea Explosion energy References
(M⊙) (1051 erg)
SN 2013ej 0.020 ± 0.002 1.74 ± 0.08 (mag/100 d) 0.7 1, 2
0.020 ± 0.010
SN 2008bk 0.009 ± ... 0.11 ± 0.02 (mag/100 d) 0.3 3, 4
0.007 ± 0.001
SN 2006ov 0.003 ± 0.002 0.53 ± 0.05 (mag/20 d) ... 5, 6
0.002 ± 0.002
SN 2004dj 0.023 ± 0.005 0.50 ± 0.04 (mag/20 d) 0.8 7, 8
0.020 ± 0.010
SN 1999em 0.027 ± 0.002 0.31 ± 0.02 (mag/100 d) 1.3 1, 2, 9
0.050 ± 0.010
SN 1987A 0.075 ± 0.005 ... 1.5 10, 11, 12
0.077 ± ...
a The decline rate in V-band.
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of magnitude between 100 days of the plateau phase. However, it
is worthy to mention that because of early discovery, SN 2013ej,
SN 2008bk and SN 1999em have a good sampling of the data.
Unfortunately, SN 2006ov and SN 2004dj were discovered at late
epochs and therefore, we estimate PDR only for 20 days for these
events due to lack of the data. Furthermore, since SN 1987A is
a peculiar event, it was not considered to estimate PDR. Though
PDR of SN 2006ov and SN 2004dj may not be good representative
for comparison with other objects, but it may provide us a general
overview about the light curve decay. The estimated PDR values are
also listed in Table 5. Interestingly, with a value of 1.74 mag/100
d, SN 2013ej has the highest rate of plateau decay. Here we cau-
tion that the existing sample is too small to draw any conclusion
about the possible correlation between the ejected 56Ni mass and
the plateau decay rate and the observed polarization evolution (see
also Chornock et al., 2010). It should also be noted that in a recent
study of multi-band model of nearby well-observed Type II-P SNe
Pejcha & Prieto (2015) examine the significance of the correlations
between the various parameters of explosion such as plateau lumi-
nosity, nickel mass, explosion energy and ejecta mass. They advo-
cate that Type II-P SN explosions are governed by several physical
parameters which in turn reflect the diversity of the core and surface
properties of their progenitors.
As can be seen in Fig. 4, although there are large error bars
in polarization estimates of SN 2013ej but in general, the intrinsic
polarization values show increasing trend during our observations
and ranges between 0.08 to 2.14 per cent. The relatively higher de-
gree of polarization estimated from our analysis is also supported
by the spectropolarimetric observation in the early epoch where
Leonard et al. (2013) have found strong polarization of about 1 per
cent for this event. The maximum intrinsic polarization reached up
to a level of 2.14 ± 0.57 per cent, which is significantly higher than
similar Type II-P events. The PA of SN 2013ej exhibits superim-
posed variability during the observed period, though affected with
large error bars (see Fig. 2). Such variations in the PA have also
been noticed for other similar Type of events (e.g. Leonard et al.,
2006; Pereyra et al., 2006). Here, we caution that there are large er-
ror bars associated with our polarization measurements and also the
amount of data is small. Additionally, the observed variations in the
estimated values are at one sigma level and therefore, statistically
insignificant.
If we examine the last three data points, it show a con-
stant level of polarization within one sigma limit with a mean
value of ∼1.7 per cent. This much level of polarization is
comparable with some of the stripped envelope SNe such as
SN 1993J (Hoeflich et al., 1996; Tran et al., 1997) and SN 2008D
(Gorosabel et al., 2010). It is also notable that within the error
limit, SN 2006ov and SN 2013ej show similar level of polariza-
tion (Chornock et al., 2010) at later epochs. The increasing trend in
the polarization light curve (c.f. Kumar et al., 2014) of SN 2013ej
has been seen after the end plateau phase, whereas, in case of
SN 1987A and SN 1999em such features appeared before the end
plateau phase (∼40 d) and continued up to late epochs (Barrett,
1988; Jeffery, 1991b; Leonard et al., 2001). The maximum level of
polarization of SN 2008bk and SN 2004dj are almost similar. Nev-
ertheless, SN 2008bk shows an increasing trend during the plateau
phase and then in late epochs it retained nearly a constant polar-
ization level. In contrary, SN 2004dj featured with different tem-
poral behaviour. SN 2004dj exhibited almost negligible polariza-
tion in the similar interval, but once the inner core is revealed (end
of plateau phase), the polarization abruptly increased and steadily
decline towards the nebular phase. The increasing trend in polar-
ization values of SN 2013ej has been noticed during the phase of
transition from the plateau to nebular.
In continuation to above discussion, it should be emphasized
that continuum polarization represents the underlying explosion ge-
ometry. Line polarization features on the other hand trace the asym-
metries related to the relevant chemical elements in the SN ejecta
(Kasen et al., 2003; Wang & Wheeler, 2008; Dessart & Hillier,
2011b). Local dust present around the SN could also result in op-
tical scattering of the photons (i.e. “light echo” mechanism) which
may linearly polarize the reflected light. Wang & Wheeler (1996)
revisited the polarization properties of SN 1987A and favored this
scenario (see also Hoeflich et al., 1996; Tran et al., 1997). Restric-
tion of data sample and single filter polarization analysis do not al-
low us to draw a definite conclusion on the geometry of SN 2013ej
ejecta. Nonetheless, the contribution due to CSM interaction could
be a plausible reason behind the polarization properties of this
event.
Our analysis infer that possibly II-P SNe show diverse na-
ture of ejecta. Post-plateau multi-epoch polarization data of similar
events will be extremely useful which can further probe deeper into
the ejecta and consequently may shed more light on the explosion
geometry of these energetic events. In this context, along with exist-
ing large aperture observing facilities with spectropolarimetric ca-
pabilities (e.g. VLT, Subaru and Keck etc.), the proposed thirty me-
ter telescope (TMT, www.tmt.org/) will provide extremely useful
information about the geometry of CCSNe in the near future.
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APPENDIX A: ESTIMATION OF POLARIZATION
CONTAMINATION
In this section we briefly describe about our procedures to estimate
the possible contaminations introduced due to diffuse background,
during different phases of moon and/or seeing conditions. These ef-
fects could contribute to the polarization values in addition to those
contributed by the ISP.
Initially, the SN images acquired at each epoch were aligned
Figure A1. Co-added image of SN 2013ej and field star HD 8919. The SN
position is marked with “SN” (green rectangle) and co-added positions of
field star are labelled with “A, B and C” (white rectangles). Host galaxy
is also indicated. Two images of each object represent ordinary and extra-
ordinary image.
using imalign task in IRAF followed by preprocessing (see Sec-
tion 2). We visually selected three locations A, B and C over one
of these aligned images (see Fig. A1). These locations were chosen
in such a way that A, B and C are lying nearest to farthest angular
distance from the SN. Out of them B and C belong to most and
least nebulous region, respectively. Generally, well isolated field
stars may not have diffuse background as they are well separated
from the nebulous regions (e.g. H II region). Estimation of polariza-
tion parameters at various positions (in this case A, B and C) of
such star will indicate variation in these values and finally provide
possible contribution of nebulous background.
Therefore, we focused to field star HD 8919 which was al-
ready observed by AIMPOL with P = 0.29±0.06 (see Table 3). Sit-
uated at a distance of 525 pc, HD 8919 is most distant and faintest
(V ∼10.07 mag, Høg et al., 2000) object in our list of field stars
(c.f. Table 3). The corresponding four images (taken at each HWP
positions) of HD 8919 and SN were co-added. It was done by im-
combine task in IRAF. Then, we estimated the polarization values
of this star at every epoch by applying the same offset and aperture
values by which SN polarization values were estimated. The results
evaluated at each A, B and C positions are overplotted in panels A,
B and C in Fig. A2. We found a mean polarization value of 0.24
± 0.11, 0.35 ± 0.15 and 0.37 ± 0.16 for A, B and C positions, re-
spectively. The blue coloured continuous and dashed lines in each
panel respectively, indicate the mean degree of polarization and one
sigma uncertainties.
We do not see significant variation in epoch to epoch values
for three positions and also these are lying almost within the one
sigma uncertainty limit. This suggests that resultant of nebulous
background may not have significant effect on the final measure-
ments of SN. It should be noted that although reported method may
not be very accurate but could be useful to verify the background
contribution for the objects overimposed to the nebulous regions.
c© RAS, MNRAS 000, 1–9
12 Brajesh Kumar et al.
Figure A2. Estimated polarization values of field star at three different po-
sitions after co-addition with the SN and HD 8919 images. Panels A, B
and C respectively, indicate variation in the degree of polarization at vari-
ous epoch of observations for three marked positions in Fig. A1. The blue
coloured continuous and dashed lines (in each panel) respectively, indicate
the mean value of degree of polarization and one sigma uncertainties after
co-addition of the images.
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